Histochemistry was utilized to characterize Ca-ATF'ases associated with lingual taste buds in the golden hamster. ' h t e buds showed elevated staining for magnesiumor calciumdependent ATPase (Ca-ATPase) relative to the surrounding epithelium. At low calcium concentrations (0.1-0.5 mM), intracellular staining predominated. Most of the studies were conducted at calcium concentrations of 210 mM, in which most of the staining was localized to the external face of plasma membranes of taste bud cells (including receptor and basal cells) located in the core of fungiform taste buds, or the entire d a t e or foliate taste buds. The peripheral fungiform taste bud cells stained much less intensely, but the peripheral cells adjacent to the core showed intermediate lev-
Introduction
It has long been known that mammalian taste buds are characterized by elevated calciumor magnesium-dependent adenosine triphosphatase (Ca-ATPase) activity relative to the surrounding epithelium (Akisaka and Oda, 1977; Zalewski, 1969; Iwayama and Nada, 1968) . This histochemically demonstrated activity has proven useful for the identification of taste buds after denervation and nerve regeneration, because as long as taste bud cells are identifiable by hematoxylin or Nissl stains they continue to stain intensely for Ca-ATPase (Barry and Frank, 1992; Zalewski, 1969; Iwayama and Nada, 1968) . Surprisingly, there have been no attempts to identify the type of Ca-ATPase that is associated with the staining of these cells. Most of the staining appears to be associated with the plasma membrane in taste and other cells, and it has often been assumed that the observed membrane staining is related to the ATPstimulated and Mg-dependent calcium pump (pump Ca-ATPase), which is responsible for the removal of calcium from cells (Gioglio et al., 1991; Pappas and Kriho, 1991; Mata and Fink, 1989; Kondo et al., 1988) . In apreliminary report, we hypothesized that increased calcium pump activity would be needed by taste cells in the face of increased calcium influx associated with taste transduction and synaptic vesicle release (Barry and Savoy, 1990) .
Supported by UPHS 5POl-DC00168-ll. els. GTP and ITP were just as effective substrates as ATP.
Millimolar concentrations of magnesium were as effective as calcium. Inhibitors of intracellular ATPases, including quercetin, sodium azide, and 2,4-dinitrophenol, had no effect on the staining. Therefore, the Ca-ATPase staining of plasma membranes at mM concentrations of calcium is thought to correspond to one or more ecto-Ca-ATPase activities with unknown functions. Roles related to increased energy requirements or to the possible function of ATP as a n e m d t t e r or -modulator are pmposed. (JHistOchem Cytochem 40:1919 -1928 KEY WORDS: 'Cute buds; Hamster; Calcium; Magnesium; ATPase; Ecto-enzyme; ATP; Histochemistry.
However there are indications that the histochemically demonstrated Ca-ATPase activity associated with the plasma membranes of many cell types may not be associated with the calcium pump. The two most widely used histochemical methods are based on the method of Wachstein and Meisel (1957) or the one-step method of Ando et al. (1981) . In both procedures the conditions may not be optimal for calcium pump activity, due in part to the mM concentrations of calcium that are usually utilized. In addition, in many cell types the histochemical reaction product is located largely (but not exclusively) along the extracellular face of the plasma membrane, whereas the ATP binding site is situated on the cytoplasmic domain of the calcium pump (Pappas and Kriho, 1991; Kortje et al., 1990; Mughal et al., 1989; Penniston, 1983; Ando et al., 1981; Akisaka and Oda, 1977) . It has been recently suggested that the extracellular reaction product may not be related to the calcium pump but instead is a result of ecto-Ca-ATPase (Kortje et al., 1990; Mughal et al., 1989) .
Ecto-Ca-ATPase and other ecto-enzymes are located in the plasma membrane but have their active sites facing the extracellular space. In many cells, most of the ATPase activity is associated with ectoenzymes. (Lin and Russell, 1988; Nagy, 1986; Trams and Lauter, 1974) .
The purpose of the present study was to determine the location and type of the Ca-ATPase that has been associated with mammalian taste bud cells. The emphasis was on the fungiform taste 1919 buds. We provide evidence that t h e histochemically demonstrated Ca-ATPase is an ecto-enzyme.
Materials and Methods
The studies were conducted on 18 normal adult (110-160 g) male Syrian golden hamsters (Mesocricetus rurutus). The animals were deeply anesthetized wirh sodium pentobarbital IP and perfused intracardially through the left ventricle with 0.1 M sodium phosphate buffer (pH 7.4, 37'C) containing heparin (40 Ulml) and lidocaine (0.05%). followed by a fixative of 2% paraformaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer. The mouth was held open and fixative was applied to the tongue during the perfusion. Tongue tissues were post-fixed for 2-12 hr in the same fixative at 4°C. All procedures are in accord with NIH guidelines and were approved by the University of Connecticut Health Center Animal Care Committee.
Light Microscopy
The tongues were cryoprotccted by immersion for 12-24 hr in 30°/o sucrose in 0.1 M phosphate buffer at 4'C. Frozen 20-or 25-pm serial sections of the tongue were collected in 0.1 M phosphate buffer. For fungiform and vallate papillae. the tongues were sectioned in the transverse plane. Foliate papillae were sectioned in the longitudinal plane of the tongue. The scctions were mounted on chromalum-subbed slides out of distilled water. After 2 hr of drying at 4'C the sections were processed to reveal Ca-ATPase after Ando et al. (1981) . For the standard procedure, the slides were incubated in 250 mM glycine buffcr (pH 9, room temperature) containing 3 mM ATP, 13 mM CaC12, 2 mM lead citrate, and 10 mM levamisole (to inhibit alkaline phosphatase). One-mM CaC12 was eventually found to result in a darker reaction product, but 13 mM resulted in consistent and predominantly plasma membrane staining (sec results). All chemicals were from Sigma (St Louis. MO). Incubation times were 20-22 minutes. After three 2-min rinses in distilled water. the deposited lead was visualized by treating for 2 min in 1% light ammonium sulfide. After three more distilled water [he sections were counterstained with cresyl violet before dehydration through ethanol to toluene. The sections were coverslipped utilizing Permount (Fisher; Fair Lawn, NJ) or DPX (BDH; Poolc. UK) mountant. for which a computer-based densitometry system (NIH Image 1.4 for Macinperiment, tongue sections from a animal processed togerher except at [he incubation for taStc buds [hat of pore, The optical densit,, was measured in a square placed bud as pos;iblc, A single density (absorbance) of in the square. Possible density values were from 0 to 255. The mean density centration of calcium was tested as follows: in all cases. the sections were value, At least buds for CaC12 concentration, pre-incubated for 30 min with 1 mM ethylenediamine-tetraacetic acid ( E m ) to chelate endogenous calcium and magnesium. Calcium chloride 'ght Microscow Controls. All were at light mitosh) was used to quantify the density ofthe reaction product, For this excroscopic kvel. Substrate specificity was ascertained by the elimination of ATP or its substitution with 3 mM inosine triphosphate (ITF'). guanosine triphosphate (GTP)* p-nitrophenyl phosphate @-NP). Or P-glYccrol phosphatc (b-GP). A number of inhibitors were tested by the addition of a I-hr pre-incubation containing the inhibitor, followed by inclusion of the inhibitor in the reaction medium. The inhibitors were 0.1 mM quercitin. mM 'Odium azide* mM 2*4-dinitrophcno1 (DNP)9 Or Or lo mM optical densities be sectioned longitudinally through the bud and which included the as much of orthovanadate. The Of the reaction product On 'Onof the background (about 17) for each section was subtracted from each and mean densities were computed, concentrations ranging from 0-20 mM were then utilized in the reaction solution. To eliminate all divalent cations, 0.5 mM EDTA was also included in the reaction mixture with no CaC12. To determine the ability of m a g nesium alone to stimulate the reaction, the sections were first pre-incubated with 10 mM ethylcncglycol-bis-(P-amino-ethyl ether) N,N,N.Ar-tetraacetic acid (EGTA) for 30 min. Then 10 mM MgC12 was substituted for the calcium in the reaction mixture. Finally, 1 or 10 mM EGTA was included with 10 mM MgCh to show whether trace amounts of calcium were required for magnesium to activate the enzyme. The results were assessed qualitatively except for the various calcium concentrations for vallate taste buds,
Electron Microscopy
Fiftyor 200-pm transverse sections rhrough fungiform papillae were made with a vibratome with cold 0.1 M phosphate buffer in the bath. Free-floating sections were then rinsed in glycine buffer and incubated in the standard reaction medium (containing 13 mM CaC12; see above) for 10 min at room temperature. The sections were rinsed in glycine buffer followed by 0.1 M phosphate buffer, and post-fLued for 1 hr in 1.0% osmium tetroxide in 0.1 M 3 I I I Figure 2 . Electron micrograph of normal fungiform taste bud stained with Ca-ATPase (13 mM CaC12). Within the taste bud, the staining is densest on the plasma membranes of the light (L). dark (D), and basal (B) cells located in the core of the taste bud. Arrows, nerve fibers in epidermis that are not stained; *, dividing basal cell; N, nerve fibers; P, peripheral taste bud cells: S. Schwann cell plasma membrane. Bar = 5 pm.
phosphate buffer. After dehydration in ethanol and propylene oxide. the tongue sections were flat-embedded in a Mollenhaucr mixture of araldite 
Results

Normal Staining
Hamster fungiform taste buds have at least four types of cells (Whitehead et al., 1985; Miller and Chaudhry, 1976) . The core of the taste bud contains light and dark cells, which can be differentiated on the basis of the electron density of their cytoplasm. These cells are elongated and span the taste bud from base to apex. They contain relatively little filamentous material. Many light and some dark cells make synaptic contacts with afferent nerve terminals. Basal cells located in the base of the core do not span the taste bud, lack synapses or synaptic vesicles, and have more filaments and are perhaps slightly more electron dense than the dark cells. Surrounding the core of the taste bud are peripheral cells which are more electron dense than the basal cells. Peripheral cells are intermediate in form between epithelial cells and taste bud core cells in that they have intermediate levels of keratin filaments and are somewhat elongated. The peripheral cells appear to become more corelike the closer they lie to the core. The apparently transitional peripheral cells lying adjacent to the core are more elongated and are often indented by nerve fibers (Whitehead et al., 1985) . The plasma membranes of core cells, including basal core cells, stained intensely with Ca-ATPase (Figures 1 and 2) . Peripheral cells were relatively lightly stained (Figures 1 and 2) except for the peripheral cells adjacent to the core, which showed intermediate levels of the enzyme, particularly in densely stained preparations (Figure 3) .
Within the dermis of the fungiform papillae, extracellular staining was associated with many elements including basement membrane, collagen fibrils, and the.plasma membranes of nerve fibers and their associated Schwann cells. Staining of collagen fibrils and staining that was not associated with particular structures was probably artifactual, since it was largely absent in lightly stained prepa-rations. Intense staining was not seen for nerve fibers in the epidermis outside of taste buds (Figure 2) . Therefore, it is likely that the apparent nerve fiber staining in the connective tissue core and in the taste bud was due to staining of the Schwann cell or taste bud cell membranes. In the case of very heavy staining, all epithelial cells showed some plasma membrane expression of the enzyme.
The entire plasma membrane of core-taste cells was stained with Ca-ATPase. but staining was usually densest basally. Staining was also lighter but not absent at many contacts between the taste cells and nerve fibers (Figure 4) . Most of these lightly stained regions were seen on light cells, but a few contacts with low Ca-ATPase staining were seen between nerve fibers and dark cells. Synaptic structures, including postsynaptic densities and accumulations of vesicles, were sometimes seen along part of the region of contact.
Careful examination of the membrane staining revealed that most of the lead staining was located between cells rather than on the cytoplasmic face of the membrane (Figure 5) . However, the staining was not found randomly in the pericellular spaces but instead appeared to be specifically associated with the plasma membrane. Staining of the intracellular leaflet of the plasma membrane would be expected to result in two strips of precipitate with a clear area in between at the border between two cells, but this pattern was never seen. In moderate or densely stained preparations, nerve terminals as well as some dark taste bud cells (Figure 3) showed diffuse cytoplasmic stain that was not associated with mitochondria. In nerve terminals, this staining appeared to be associated with filaments (Figure 4) . There was some nonspecific (possibly artifactual) staining associated with material in the taste bud pore, and it was therefore difficult to be certain if the apical surface of the taste cell plasma membrane was stained. In some preparations the staining was located adjacent to the plasma membrane, but the typical fine lead precipitate on the membrane was not apparent ( Figure 6 ). tigated. Vallate and foliate taste bud cells lack peripheral cells, and therefore the entire taste bud appeared to be stained with Ca-ATPase. There was no difference between taste buds in the various taste fields in staining intensity. Vallate and foliate taste buds were not examined at the electron microscopic level, and so more subtle differ-ences between staining in various taste bud types were not inves-
Histochemical Controls
The pattern of staining was similar for all three types of lingual taste buds for each histochemical condition. The reaction was not specific for ATP as opposed to other nucleoside 5'-triphosphates. ITP or GTP, when substituted for ATP, resulted in identical patterns and intensity of staining (Figure 7) . However, no reaction was seen when B-GP or p-NP was substituted for ATP. None of the inhibitors significantly affected the staining intensity. One mM sodium orthovanadate did result in slightly reduced staining intensity, and at 10 mM completely blocked the reaction, but a precipitate was always formed when this chemical was added to glycine buffer containing lead citrate. Presumably lead vanadate was formed.
The Ca-ATPase reaction is dependent on the presence of calcium or magnesium. No staining was seen after pre-incubation with EDTA followed by incubation including EDTA and without added divalent cations (Figure 8 ). If EDTA was not utilized, very light staining occurred, presumably due to endogenous divalent cations or to contaminants in the incubation medium. The optimal concentration of calcium chloride was not 10 mM as suggested by Ando et al. (1981) but about 1 mM (Figure 9 ). Trace amounts of magnesium are probably not necessary for the calcium-stimulated reaction, because staining intensity was not reduced when the sections were pre-incubated with EDTA. However, trace levels of magnesium in the incubation medium cannot be ruled out. Magnesium at 10 mM, when substituted for calcium, resulted in an increase in staining density relative to 10 mM calcium and about equal to that for calcium at 1 mM (Figure 10 ). Trace amounts of calcium were not required for the magnesium-stimulated reaction because there was no change in intensity when 1 mM EGTA (which has a greater affinity for calcium than magnesium) was included in the reaction medium. However, the addition of 10 mM EGTA resulted in no staining, presumably because all the magnesium or lead was chelated.
Interestingly, the pattern of staining appeared different at differ-ent calcium concentrations. At high calcium concentrations membrane staining was dominant, but at low concentrations a more diffusely distributed stain was apparent at the light microscopic level (Figure 11 ). This intracellular staining was again specific to taste bud cells (but not peripheral fungiform cells), but individual cells within the taste bud showed variable staining intensity. At 1 mM of calcium, the membrane staining and possibly the more diffuse staining were optimized (Figure 9 ). [Similar dense staining was observed when EDTA was included with 10 mM CaClz in the incubation medium (Figure lob) .] In addition, within taste bud cells, particles were darkly stained at all concentrations less than or equal to 5 mM (Figure lla) . The particles were also stained in non-taste bud epithelium, particularly in cells lying adjacent to the basement membrane, and in peripheral fungiform taste bud cells. However, there appeared to be relatively more stained particles in taste bud cells than in the surrounding epithelium. At 0.1 mM calcium, this particulate stain and other intracellular staining were more obvious, partly because the membrane staining was fainter ( Figure Ila) . However, the overall staining density was similar for 0.1 and 10 mM calcium (Figure 9 ). Electron microscopy and histochemical controls are needed to determine the nature of the intracellular staining seen at low calcium concentrations.
Discussion
Within the fungiform taste bud, elevated calcium-dependent ATPase activity is associated with the cells of the core and not the peripheral cells. We observed a few basal cells, which showed the elevated Ca-ATPase stain, undergoing mitosis (Figure 2) . In fungiform taste buds, it was thought that replacement cells arise from the peripheral cells (Beidler and Smallman, 1965; Farbman, 1965) . It seems unlikely that basal core cells would lose Ca-ATPase stain-W , Figure 6 . Electron micrograph of section through fungiform taste bud pore lightly stained with Ca-ATPase. Most staining is associated with material in pore and may be artifactual, but some (possibly nonspecific) staining is associated with apical surface of taste bud cells (arrowhead). Bar = 0.5 pm.
ing and acquire characteristics of peripheral cells, such as increased keratin and electron density, before entering the taste bud core. It seems more likely that the progeny of basal core cells become core taste bud cells directly. .Peripheral cells lying near the basal lamina might be the source of new peripheral cells which in theory could also eventually differentiate to replace core cells. Therefore, we suggest that there may be two populations of stem cells for fun-giform taste buds. This hypothesis is supported by recent studies utilizing labeled thymidine uptake in fungiform taste buds (Oliver and Whitehead, 1992) . Staining of intracellular ATPases (with 210 mM calcium) was not generally seen in the hamster tongue preparation, perhaps due to glutaraldehyde fixation or to the insensitivity of the histochemical technique. Because of the strong staining of taste buds, incubation times were shorter and temperatures were lower than those used in most studies, and thus perhaps too short and low to see most cytoplasmic staining. The most likely explanation for the lack of intracellular staining is that cytoplasmic Ca-ATPases were inhibited by millimolar calcium concentrations. At 0.1 to 1 mM calcium concentrations, the pattern of staining appeared strikingly different at the light microscopic level. There appeared to be more intracellular staining, although electron microscopic verification is needed. The specificity of this intracellular staining is indicated by its association with particular cell types and by the absence of staining at high or zero calcium concentrations. An exception to the lack of cytoplasmic staining seen at high calcium concentrations is the staining associated with nerve terminals and with some dark taste cells located at the periphery of the core. The specific localization of this staining suggests that it is not artifactual. The cytoplasmic staining in the nerve terminals is similar to that observed in dendritic spines within the cerebral cortex, where it was suggested that the Ca-ATPase might be involved in cytoskeletal dynamics underlying dendritic plasticity (Cohen and Kriho, 1991) . The gustatory nerve terminals and taste cells also periodically undergo modification owing to the turnover of taste bud cells; therefore, the role for the cytoplasmic Ca-ATPase might be similar. Interestingly, the intracellular staining seen at low calcium concentrations was (like the plasma membrane Ca-ATPase) also elevated in taste buds relative to the surrounding epithelial cells. Thus, a variety of Ca-ATPases are found at elevated levels in taste buds.
On the basis of both light and electron microscopy, the Ca-ATPase activity, which is dependent on millimolar calcium concentrations, is associated with hamster taste bud plasma membranes. Electron microscopic studies revealed that the ATP binding site was on the exterior face of the plasma membrane. From the light microscopic studies, the ca-ATPase is not substrate specific, but this is probably not physiologically relevant as ATP is the predominant nucleoside 5'-triphosphate found extracellularly . The enzyme(s) is activated equally well by calcium or magnesium with no calcium present. In the cerebral cortex, it has been reported that trace amounts of calcium are required for the magnesiumstimulated ATPase reaction (Cohen and Kriho, 1991) . However, this conclusion was based on the lack of staining after addition of 10 mM EGTA to the reaction mixture. which possibly chelated most or all of the magnesium and perhaps some of the lead. The observed membrane staining in taste buds is not due to nonspecific phosphatase. p-NP and B-GP, when substituted for ATP, resulted in no staining.
The staining pattern of and the histochemical conditions for the plasma membrane Ca-ATPase staining are not consistent with the known properties of the calcium-stimulated and magnesiumdependent calcium pump. The pump Ca-ATPase has its ATP binding site on the cytoplasmic and not the extracellular side of the membrane (Kortje et al.. 1990; Penniston, 1983) . The taste cell c Figure 7 . Micrographs of fungiform taste buds from the same animal stained with 3 mM (a) ITP, (b) GTP. and (c) ATP in the incubation medium. Bar = 25 prn.
-8 --plasma membrane Ca-ATPase appears to work just as well with magnesium, or with calcium at concentrations that would be inhibitory for the calcium pump (Rega, 1986) . The pump Ca-ATPase requires micromolar calcium concentrations as well as magnesium. The inhibitors sodium azide and quercitin would be expected to at least partially block the pump Ca-ATPase (Fewtrell and Gomperts, 1977) . The 1% concentration of glutaraldehyde in the fixative used in this study should inhibit pump ATPase (Kortje et al., 1990) . A recent study utilized the same histochemical technique as used here to identify Ca-ATPase on frog taste cells (Gioglio et al., 1991) . The authors concluded that the membrane stain was as- sociated with the calcium pump, because the staining was inhibited by 10 mM sodium orthovanadate. In our preparation, the addition of sodium orthovanadate to the reaction mixture always resulted in a precipitate.
The results of the electron microscopy and of the control studies at the light microscopic level independently support the conclusion that the observed Ca-ATPase staining on taste bud cell membranes is due to ecto-Ca-ATPase. Ecto-Ca-ATPase is not substrate specific and works equally well with magnesium or calcium (Lin and Russell, 1988; Nagy et al., 1986) . The taste cell ecto-ATPase activity probably is due to low-affinity Mgor Ca-ATPase (Kostka et al., 1990) . based on the optimal calcium concentration of about 1-5 mM. It is not known if there are separate magnesium-and calcium-dependent low-affinity ATPases or if they are the same molecule (Nagy. 1986 ). Nagy et al. (1986) observed that DNP inhibited only the calcium-and not the magnesium-dependent ecto-Ca-ATPase activity in synaptosomes. However, DNP had no effect on taste bud staining. The ecto-Ca-ATPase activity on taste cells could also be partially due to high-affinity Ca-ATPase. High-affinity Ca-ATPase is stimulated by micromolar concentrations of calcium but is otherwise distinct from the calcium pump Ca-ATPase (Kostka et al., 1990) . However, in dog axonal membranes the activity of high affinity Ca-ATPase is about four times lower than that of lowaffinity Ca-ATPase (Kostka et al., 1990) . The apparent lack of plasma membrane staining at low calcium concentrations suggests that highaffinity Ca-ATPase contributed little to the overall staining of taste buds in this preparation.
The function of ecto-Ca-ATPase in any system is not understood, but there are at least TWO possibilities. Ecto-Ca-ATPase may be necessary for making adenosine and possibly inorganic phosphate available for uptake by cells, because the cells lack an uptake mechanisms for ATP (Kortje et al., 1990; Gordon, 1986; Nagy, 1986) . Taste cells may require more adenosine than epithelial cells owing to a greater metabolic activity or to the possible use of ATP as a neurotransmitter. Another hypothesis is that ecto-ATPase is important for breaking down ATP that has been used as a neu- rotransmitter or neuromodulator (Nagy, 1986; Charest et al., 1985) . Currents are recorded in isolated taste cells in response to externally applied ATP (S. Kinnamon, personal communication). The relative paucity of ecto-Ca-ATPase at contacts between light cells and nerve fibers in hamster taste buds was also observed for a magnesium-dependent ATPase in rat taste buds (Akisaka and Oda. 1977) . This finding is not necessarily inconsistent with a role for ATPase in neurotransmission, because too much breakdown of ATP near synapses might impede receptor activation. Ecto-Ca-ATPase could function to regulate the relative amounts of ATP and adenosine, which act at different receptors and have different effects on many cell types (Suter et al., 1991; Okajima et al., 1987; Gordon, 1986) . The above hypotheses for the function of ecto-Ca-ATPase are not mutually exclusive. Indeed, the activities of more than one type of ecto-Ca-ATPase, each with specific roles, may underlie the histochemical staining observed on taste bud cells.
